Background, aim and scope Regional specificities are a key factor when analyzing the environmental impact of a biofuel pathway through a life cycle assessment (LCA). Due to different energy mixes, transport distances, agricultural practices and land use changes, results can significantly vary from one country to another. The Republic of Argentina is the first exporter of soybean oil and meal and the third largest soybean producer in the world, and therefore, soybean-based biodiesel production is expected to significantly increase in the near future, mostly for exportation. Moreover, Argentinean biodiesel producers will need to evaluate the environmental performances of their product in order to comply with sustainability criteria being developed. However, because of regional specificities, the environmental performances of this biofuel pathway can be expected to be different from those obtained for other countries and feedstocks previously studied. This work aims at analyzing the environmental impact of soybean-based biodiesel production in Argentina for export. The relevant impact categories account for the primary non-renewable energy consumption (CED), the global warming potential (GWP), the eutrophication potential (EP), the acidification potential (AP), the terrestrial ecotoxicity (TE), the aquatic ecotoxicity (AE), the human toxicity (HT) and land use competition (LU). The paper tackles the feedstock and country specificities in biodiesel production by comparing the results of soybean-based biodiesel in Argentina with other reference cases. Emphasis is put on explaining the factors that contribute most to the final results and the regional specificities that lead to different results for each biodiesel pathway. Materials and methods The Argentinean (AR) biodiesel pathway was modelled through an LCA and was compared with reference cases available in the ecoinvent® 2.01 database, namely, soybean-based biodiesel production in Brazil (BR) and the United States (US), rapeseed-based biodiesel production in the European Union (EU) and Switzerland (CH) and palm-oil-based biodiesel production in Malaysia (MY). In all cases, the systems were modelled from feedstock production to biodiesel use as B100 in a 28 t truck in CH. Furthermore, biodiesel pathways were compared with fossil low-sulphur diesel produced and used in CH. The LCA was performed according to the ISO standards. The life cycle inventory and the life cycle impact assessment (LCIA) were performed in Excel spreadsheets using the ecoinvent® 2.01 database. The cumulative energy demand (CED) and the GWP were estimated through the CED for fossil and nuclear energy and the IPCC 2001 (climate change) LCIA methods, respectively. Other impact categories were assessed according to CML 2001, as implemented in ecoinvent. As the product is a fuel for transportation (service), the system was defined for one vehicle kilometre (functional unit) and was divided into seven unit processes, namely, agricultural phase, soybean oil extraction and refining, transesterification, transport to port, transport to the destination country border, distribution and utilisation.
Results
The Argentinean pathway results in the highest GWP, CED, AE and HT compared with the reference biofuel pathways. Compared with the fossil reference, all impact categories are higher for the AR case, except for the CED. The most significant factor that contributes to the environmental impact in the Argentinean case varies depending on the evaluated category. Land provision through deforestation for soybean cultivation is the most impacting factor of the AR biodiesel pathway for the GWP, the CED and the HT categories. Whilst nitrogen oxide emissions during the fuel use are the main cause of acidification, nitrate leaching during soybean cultivation is the main factor of eutrophication. LU is almost totally affected by arable land occupation for soybean cultivation. Cypermethrin used as pesticide in feedstock production accounts for almost the total impact on TE and AE. Discussion The sensitivity analysis shows that an increase of 10% in the soybean yield, whilst keeping the same inputs, will reduce the total impact of the system. Avoiding deforestation is the main challenge to improve the environmental performances of soybean-based biodiesel production in AR. If the soybean expansion can be done on marginal and set-aside agricultural land, the negative impact of the system will be significantly reduced. Further implementation of crops' successions, soybean inoculation, reduced tillage and less toxic pesticides will also improve the environmental performances. Using ethanol as alcohol in the transesterification process could significantly improve the energy balance of the Argentinean pathway. Conclusions The main explaining factors depend on regional specificities of the system that lead to different results from those obtained in the reference cases. Significantly different results can be obtained depending on the level of detail of the input data, the use of punctual or average data and the assumptions made to build up the LCA inventory. Further improvement of the AR biodiesel pathways should be done in order to comply with international sustainability criteria on biofuel production. Recommendations and perspectives Due to the influence of land use changes in the final results, more efforts should be made to account for land use changes others than deforestation. More data are needed to determine the part of deforestation attributable to soybean cultivation. More efforts should be done to improve modelling of interaction between variables and previous crops in the agricultural phase, future transesterification technologies and market prices evolution. In order to assess more accurately the environmental impact of soybean-based biodiesel production in Argentina, further considerations should be made to account for indirect land use changes, domestic biodiesel consumption and exportation to other regions, production scale and regional georeferenced differentiation of production systems.
Keywords Agriculture . Argentina . Biodiesel . Explaining factors . Export . Land use changes . LCA . Modelling . Soybean-based biodiesel production 1 Background, aim and scope Life cycle assessment (LCA) of biofuel production requires a country-specific approach due to the significant importance of local conditions in estimating the energy consumption and the greenhouse gas emissions of the system. Some efforts have been put worldwide to determine countryspecific and raw-material-specific biofuels environmental impact (RFA 2008; Reijnders and Huijbregts 2008; Russi 2008; Zah et al. 2007; CONCAWE-EUCAR-JRC 2007; Smith et al. 2007; Farrell et al. 2006; Gnansounou and Dauriat 2005; VIEWLS 2005; Bernesson et al. 2004; Elsayed et al. 2003; ADEME 2002; GM-LBST 2002; Sheehan et al. 1998 ).
However, due to different system boundaries, functional unit, allocation methods and other assumptions in LCA approaches, results are difficult to compare. The LCA of bioenergy products within the ecoinvent® 2.01 database is a first attempt to develop environmental impact factors for country-specific and feedstock-specific biofuel pathways under a consistent methodology (Jungbluth et al. 2007) . A structured and transparent methodology was applied to develop environmental impact factors for soybean-based biodiesel from Brazil (BR) and the United States (US), rapeseed-based biodiesel from the European Union (EU) and Switzerland (CH), palm-oil-based biodiesel from Malaysia (MY) and fossil diesel from Switzerland (CH). However, soybean-based biodiesel from Argentina (AR) was not included.
In the framework of biofuel research at LASEN, a biofuel platform was developed to test the influence of modelling choices in LCA results. The model is based on the ecoinvent® database and represents biofuel pathways from feedstock production to fuel utilisation. A first case study was developed using wheat-based bioethanol production and utilisation in CH (Gnansounou et al. 2008) . The platform was then used to generate a detailed life cycle inventory (LCI) and LCA of soybean-based biodiesel from AR.
The Republic of Argentina is the first exporter of soybean oil and meal and the third largest soybean producer in the world, and therefore, biodiesel production from this source is expected to significantly increase in the next years, mostly for exportation. Nonetheless, a consistent life cycle approach was not yet applied to evaluate the environmental performance of this country-specific biofuel pathway.
Argentina is the third largest vegetable oil producer in the world (5.40 Mt in 2005) and the first soybean oil exporter in the world (4.83 Mt in 2005; SAGPyA-IICA 2005) . Soybean represents 53% of the country's cultivated area with grains, and 88% of this surface is concentrated in the central region of the country (Buenos Aires, Córdoba and Santa Fe) representing 83% of the national soybean production ( Fig. 1) .
Soybean oil is mainly exported to China (36%), India (21%) and Bangladesh (5%; Franco 2005a), and together with sunflower oil, it represents 99% of the national average milling capacity. In 2004, 47 vegetable oil mills were operating and concentrated mainly in Santa Fe (72%), Buenos Aires (15%) and Cordoba (11%; Ciani and Esposito 2005) . At present, there are eight biodiesel production plants installed in Argentina, with a production capacity of 600 kt year −1 of biodiesel. Of the total production, 318 kt of biodiesel was exported in 2007, from which 76% were destined to the US and 23% to the EU. The production capacity is expected to double by the end of 2008 (SAGPyA 2008 ).
An increased interest in biofuel production in Argentina has been observed in recent years. Argentina has been ranked as the third country in the world with the highest potential for biodiesel production (Johnston and Holloway 2007) . This statement relies on the availability of soybean oil for export, the low production costs and the good socioeconomic conditions. The biodiesel production potential is of 5.26 Bl, accounting for 51% of the country's diesel demand. The Argentinean government has established a 5% mandatory blending of biofuels in conventional fuels for transportation by 2010. The main feedstock is expected to be soybean due to the large availability of this product in the country. If so, 650 Ml of soybean-based biodiesel (i.e. 3.5 Mt of soybeans and 1.2 Mha) will be required to comply with the national obligation (SAGPyA-IICA 2005) . Moreover, due to the exporting structure of Argentinean commodities, biodiesel production is seen as an opportunity to expand the exports portfolio. Even though biodiesel production is still incipient, it is expected to grow rapidly due to the mandatory blending law, the increased international demand for biofuels, the availability of feedstock and the high agro-exporting efficiency of the vegetable oil sector. These factors determine competitive costs for biodiesel production.
On the other hand, current initiatives, especially in the US (Farrell and Sperling 2007a, b) and the EU (Bauen et al. 2007; Cramer et al. 2007) , to account for sustainability aspects of biofuel production may constrain the exporting opportunities of Argentinean biodiesel. A key criterion is the greenhouses gas (GHG) emission balance of the biofuel. Therefore, the aim of this paper was to evaluate the position of Argentina as a producer of sustainable biodiesel in comparison with other worldwide suppliers.
This study aims at determining the environmental impact of vegetable oil methyl ester (VOME) production from soybean culture in Argentina for export (B100soy ARG-CH ) through a LCA. The biodiesel pathway is modelled up to the exportation port, as results can significantly change depending on the destination country. However, for purposes of comparison with the reference systems and in order to illustrate the impact of the transportation and the utilisation phase, the biodiesel pathway was also modelled for export to Switzerland.
Emphasis is put on the modelling of the Argentinean case and in understanding the main factors that influence the final results and that explain the main differences between producing countries. 
Materials and methods
The LCA was performed according to the ISO standards on LCA (ISO 2006a, b) and to the main steps described in ISO norm 14041. The LCI and the life cycle impact assessment (LCIA) were performed in the biofuel platform model developed at LASEN integrating Microsoft Excel® spreadsheets and using the ecoinvent® 2.01 database (Frischknecht et al. 2004; Frischknecht 2005) .
Key parameters, assumptions and data quality
The system was defined from a well-to-wheels approach. The functional unit is '1 km driven with diesel by a 28 t truck'. The function of the system is to deliver 'fuel for transportation'. The LCIA methods are non-renewable cumulative energy demand (CED) for the CED, IPCC 2001 GWP 100a (climate change) for GWP, CML 2001 generic for eutrophication potential (EP), CML 2001 generic for acidification potential (AP), CML 2001 TAETP 100a for terrestrial ecotoxicity (TE), CML 2001 FAETP 100a for aquatic ecotoxicity (AE), CML 2001 HTP 100a for human toxicity (HT) and CML 2001 for land use competition (LU), available in the ecoinvent® 2.01 database. The system description is valid for soybean-based biodiesel in Argentina (country-specific approach) and for a time framework 2006-2010, as technologies, prices and production methods are assumed to change in the medium term.
The reference biodiesel pathways are those available from the ecoinvent® 2.01 database, and the reference systems are described as follows:
& B100soy BR-CH soybean-based VOME produced in BR and used in CH; & B100soy US-CH soybean-based VOME produced in the US and used in CH; & B100rape EU-CH rapeseed-based VOME produced in the EU and used in CH; & B100rape CH-CH rapeseed-based VOME produced in CH and used in CH; & B100palm MY-CH palm-based VOME produced in MY and used in CH; & D100fossil CH-CH fossil diesel produced and used in CH.
Rapeseed production for biodiesel in Switzerland is calculated as an average of different agricultural production methods, namely, organic (1%), extensive (28%) and integrated (71%) production. Rapeseed production in the European Union corresponds to conventional rapeseed production in Germany.
Economic allocation was based on market values. Soybean oil and soybean meal allocation was based on international market prices, as these products are exported.
However, as glycerine is destined to national consumption, national market price was used. B100soy ARG-CH market price was assumed to be that of US VOME.
Although the ISO norm recommends subdividing the system or performing system expansion as methods instead of allocation, economic allocation has been chosen essentially because soybean meal is a commodity with a defined market value. Moreover, the decision was taken in coherence with the ecoinvent database for bioenergy products (Jungbluth et al. 2007) where allocation of environmental impacts between co-products is based on the respective prices of co-products. Nonetheless, sensitivity analysis was performed for allocation based on energy content, mass and carbon content to evaluate the variability of results with regard to this key methodological parameter.
Only carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) emissions are considered for GWP assessment. Emissions from land use change other than direct deforestation are excluded due to lack of data.
The quality of the used data is consistent with the objectives of the study. However, since the production of biodiesel in Argentina so far remains a marginal activity, transesterification data are based on average international technology, consistent with the information found in ecoinvent®. Agricultural data are specific to the Argentinean context. Vegetable oil production and transesterification, however, were adapted to the Argentinean context with data from the US and average European reference cases (Jungbluth et al. 2007) .
Soybean yield per hectare is based on the average yield from the last five available harvesting periods (2000/2001-2004/2005) . Transport distances are based on average distances and do not correspond to a specific case. No data was available for the soybean intermediate storage and drying phase. Consequently, this stage was not considered in the system boundaries, and it was assumed to take place only at the vegetable oil extraction plant.
The relevance of the data quality was studied through sensitivity analysis of key input values with a significant impact on the final results.
System description and inventory data
The Argentinean soybean-based biodiesel pathway was divided into seven unit processes, namely, agricultural phase (soybean production), soybean oil extraction and refining (oil production), transesterification of soybean oil (VOME production), VOME transport to port in AR, VOME transport from port to the Swiss border, VOME distribution in CH and VOME use in CH. The listed inputs and outputs are the ones necessary to evaluate the selected impact categories.
The AR agricultural phase is specifically detailed and based on national values. Due to lack of data in oil extraction and transesterification, these processes were constructed on the US case, but adapted to the AR context. The country-specific data are detailed in the following sections.
Soybean production
The characteristics of the production system are estimated as averages based on the four soybean production systems in Argentina: first-and second-class soybean in reduced tillage (FCRT and SCRT) and first-and second-class soybean in conventional tillage (FCCT and SCCT).
The distribution of the total production between the systems is 49.3%, 30.6%, 14.7% and 5.4%, respectively (SAGPyA 2006a). The average soybean yield is 2,591 kg ha −1 (SAGPyA 2006a) and is calculated as the weighted average yield of the four production systems with regard to their respective shares of national production.
First class soybean is grown between October/November (sowing) and April/May (harvesting), corresponding to the optimal growing period for soybean in Argentina. The soybean cycle lasts for 6 months, and the land is then left and set aside during the winter (crop succession of set-aside land-soybean). Second-class soybean is grown between December (sowing) and April/May (harvesting), after wheat (crop succession of wheat-soybean). Therefore, soybeans of shorter growing cycle are used. Wheat is grown between June/July and December (harvesting) and soybean is sowed at the same time wheat is harvested. This allows having two crops per year on that land. However, as first class soybean is grown in the optimal period, higher yields are obtained compared with second-class soybean.
Both first-and second-class soybeans are grown in monoculture as well as in rotation with corn or sunflower. However, no data is available of the proportion of each soybean type done in monoculture and in rotation.
Phosphate fertilisers are imported from US, Russia, Lithuania, Morocco and Tunisia. NPK formulations are imported from Brazil and Uruguay (SAGPyA 2006b). Pesticides and fertilisers are available at regional storage (port of Rosario) and are transported over 300 km in 28 t trucks to the local area and 30 km by tractor or trailer to the field (SAGPyA 2006b). Soybeans are transported over 30 km by tractor to the regional storage. Seed input varies depending on the production method, being 75, 70, 80 and 70 kg ha −1 for FCRT, SCRT, FCCT and SCCT, respectively.
Land occupation is estimated as 1 year for first-class soybean (only soybean) and 0.5 year for second-class soybean (soybean-wheat production). Soybean area has increased from 10.7 Mha in 2000 to 15.3 Mha in 2005 (4.7 Mha; SAGPyA, 2006a), displacing other crops (32%), mainly wheat, corn, sunflower and sorghum, pasture land (27%), savannas (19%) and forest (22%; Benbrook 2005; Gasparri et al. 2008; Montenegro et al. 2005; Paruelo et al. 2005) . The land use is assumed arable land and transformation from arable land, shrub land, pasture and forest. Deforestation for soybean cultivation occurs in Salta, Chaco, Tucumán and Santiago del Estero Gasparri and Manghi 2004) at an average rate of 258,406 ha year −1 for the period 2000-2005. GHG emissions from deforestation are estimated as the emission from land provision and the emission from carbon stock change in soil, as implemented in ecoinvent®, and totally allocated to the use as agricultural land. Soybean is assumed to be cultivated in deforested areas during 2 years. Land provision is estimated based on the deforested area between 2000 and 2005 (1,550,435 ha of the Chaco seasonally dry forest and 72,000 ha of the evergreen and semi-evergreen Yungas forest; Gasparri et al. 2008 ) and a rate attributed to soybean expansion (64% of the total deforested area in the Northeast of Argentina; Pengue 2005). CO 2 emissions from carbon stock change in soil (55 t CO 2 ha −1 year −1 ) and biomass (193 t CO 2 ha −1 year −1 ) were calculated by Gasparri et al. (2008) based on the IPCC Good Practice Guidance for LULUCF and the bookkeeping method (Houghton 2003) . Carbon loss from soil after deforestation is estimated based on carbon stock change in soil from forest conversion to agricultural land (15 t C ha −1 year −1 ; Gasparri et al. 2008) . Carbon stock change in soil represents only 7% of the total emission from land use conversion. Emissions from biomass (93%) are accounted as provision of land by forest clearing.
Diesel consumption in agricultural processes was converted into inputs of agricultural field work processes according to ecoinvent® (Nemecek et al. 2007 ) in order to consider agricultural machinery production and use as well as exhaust emissions from the tractor. Diesel consumption in combined harvesting is 10.6 l ha −1 . Fuel consumption in sowing, pesticide and fertiliser application is calculated based on primary data from Donato et al. (2005) . Diesel consumption for agricultural activities other than harvesting is 25 and 52 l ha −1 for reduced and conventional tillage, respectively.
Pesticide and fertiliser use is the average of soybean cultivation in Argentina under the different production systems (Márgenes agropecuarios 2006). Nitrogen fertiliser is only applied to first-class soybean as monoammonium phosphate (MAP; 5 kg MAP ha −1 ), whilst second class uses the residual fertilisation of the previously implanted crop (wheat). P fertiliser is applied as MAP and triple super phosphate (TSP) fertilisers in average doses of 5 kg MAP ha −1 and 10.5 kg TSP ha −1 , respectively. Other fertilisers such as calcium sulphate and simple formulations of P and S were not included due to lack of data. No K fertiliser is applied in soybean production in Argentina (FAO 2004) . Average pesticide applications (expressed in grams of active compound) are with deltamethrin (67 g ha −1 ), difenoconazole (5 g ha −1 ), cypermethrin (45 g ha −1 ), chlorpyrifos (421 g ha −1 ), endosulfan (68 g ha −1 ), metribuzin (14 g ha −1 ), acetochlor (56 g ha −1 ), glyphosate (2,340 g ha −1 ), 2,4-D (240 g ha −1 ), metsulfuron methyl (3 g ha −1 ) and imazetapyr (3 g ha −1 ). N 2 O emissions are calculated as a direct emission from the N input and an indirect emission from the N content in nitrate leaching, as implemented in ecoinvent®. N input accounts for the N biological fixation (BNF) and for N fertiliser (Jungbluth et al. 2007) . BNF is assumed to be 70 kg N ha −1 as in the reference US and BR cases. Nitrogen oxides and ammonia emissions to air, nitrate and phosphorous emissions to groundwater and phosphorous emissions to surface water are estimated according to Nemecek et al. (2007) , as implemented in Jungbluth et al. (2007) .
Heavy metal emissions to soil are estimated as the difference between seed and fertilisers inputs and outputs, based on the BR case, as implemented in Jungbluth et al. (2007) . Pesticide inputs are assumed as emissions to soil. Biogenic CO 2 uptake (1.37 kg kg −1 soybean) and biomass energy (20.45 MJ kg −1 soybean) are estimated from the carbon balance and the energy content in soybeans for the BR case, respectively. Soybean irrigation in Argentina is not a common practice, and the irrigated area is not significant.
Soybean oil extraction and refining
Solvent extraction technology (with methanol) is based on international standard technology, as described in Jungbluth et al. (2007) for VOME production. However, yields, allocation factors, natural gas and electricity consumption, electricity mix and transport distances are specific to the Argentinean context.
From 1 t of soybean, 182 kg of soybean oil (19%), 794 kg of soybean meal and 18 kg of residues are obtained. Soybean oil and soybean meal prices are US$521 and US$201 per ton, respectively (average January 2001-September 2006 at Rotterdam market; SAGPyA 2006c). Energy contents are assumed to be 37.2 and 17 MJ kg −1 , respectively (Jungbluth et al. 2007 ). Soybeans are dried (from 16% to 13% humidity) in the vegetable oil mill using natural gas.
The electricity mix was modelled based on the electricity production in Argentina and accounts for the construction and operation of the power plants (SERA 2006) . The Argentinean electricity mix is mainly dominated by fossil fuels (50% natural gas and 38% oil). Electricity at grid was modelled based on the electricity mix accounting for transmission and distribution processes. The electricity and natural gas consumption corresponds to average values for vegetable oil mills in Santa Fe and Córdoba (IDIED 2004) .
Utilities are transported over 150 km in 28 t trucks. Vegetable oil mills are supplied with soybeans in a radius of 300 km being transported 80% by 28 t trucks and 20% by train. Mill infrastructure is included in the same way as in all reference cases.
Transesterification of soybean oil (methyl ester production)
Soybean oil transesterification is based on international standard technology as implemented in Jungbluth et al. (2007) for VOME production, adapting allocation factors, natural gas and electricity consumption, electricity mix and transport distances to the Argentinean context. From 1 t of soybean oil, 972.7 kg of soybean methyl ester and 106.1 kg of glycerine are obtained, considering methanol and potassium hydroxide addition.
Soybean methyl ester is produced for the international markets (US$833 per ton-US market price) and glycerine is sold in the national market (US$100 per ton-Argentina market price; Asal and Marcus 2005) . Energy contents are assumed to be 37.2 and 18 MJ kg −1 , respectively (Jungbluth et al. 2007 ).
Electricity and natural gas consumption are those of VOME production in the European Union. Chemicals are assumed to be supplied by chemical laboratories in Rosario, Córdoba and Buenos Aires from an average transport distance of 250 km in 28 t trucks.
Vegetable oil mills are located near the ports of Rosario in the Paraná River. Consequently, 97% of the soybean oil, 97% of the soybean meal and 75% of the soybean are exported from this port (Franco 2005b) . The transesterification plants are assumed to be located in the same place, and therefore, no transportation of soybean oil is assumed.
2.6 Transport to exportation port, transport from port to the CH border and distribution to service station in CH In Argentina, biodiesel is transported over 100 km in 28 t trucks from the transesterification plant to the port of Rosario. It is then transported by transoceanic tanker from the ports of Rosario to the port of Rotterdam over an average distance of 12,091 km. Finally, it is transported over 840 km in barge tanker to Basel, 100 km by train and 150 km in 28 t trucks to the service station.
Utilisation
Biodiesel is assumed to completely replace fossil diesel in 28 t trucks in CH. Fuel economy is 0.27 and 0.25 kg km −1 for biodiesel and fossil diesel, respectively. The impact of the utilisation phase is assumed to be the same for all the biodiesel pathways and is directly taken from ecoinvent® as operation of a 28 t truck with 100% rapeseed VOME. Operation of a 28 t truck with fossil diesel is also taken from ecoinvent®.
Results
The results for all impact categories are presented in Table 1 per kilogram of VOME for each unit process of the Argentinean case, modelled from feedstock production up to the exportation port. Figure 2 shows the comparison of the AR case with the biodiesel and fossil diesel reference cases, including transport to Swiss border, distribution and use as B100 in 28 t trucks in Switzerland. The contribution of each unit process of fuel production is also presented in Fig. 2 per kilometre.
Results for each impact category for 1 km driven in a 28 t truck in Switzerland with B100 produced in AR from soybeans are: GWP, 1.2 kg CO 2 -eq; CED, 9.6 MJ-eq; EP, 4 g PO 4 -eq; AP, 9 g SO 2 -eq; TE, 1 kg 1,4-DCB-eq, AE, 2.2 kg 1,4-DCB-eq; HT, 0.4 kg 1,4-DCB-eq; LU, 1.8 m 2 a.
Inputs and outputs contribution to the final results for all impact categories, expressed as percentage of the total impact, are presented in Table 2 .
Global warming potential and cumulative energy demand
The impact of biodiesel production is highly dominated by the agricultural phase, especially in the cases of Argentina, Brazil, the EU, Switzerland and Malaysia. Feedstock production represents 61%, 66%, 62%, 57% and 47% of the CED, respectively. For the GWP, the contribution of feedstock production is even more significant, accounting for 80%, 83%, 79%, 83% and 62%, respectively. However, for the US case, whilst the industrial phase is dominant in the CED (63%), soybean production represents 54% of the GWP. GWP of biodiesel production in AR and BR is higher than the fossil reference and consequently is not a good choice to mitigate global warming. All biofuel pathways are below the fossil reference with respect to the CED, the AR case being the most energy-consuming one. The US has the best performance on GWP and CED.
The agricultural phase in Argentinean biodiesel production performs like the Brazilian one with respect to the CED and the GWP. The factors that explain the CED and the GWP values for the agricultural phase differ depending on the type of feedstock and the country of origin. When land use change occurs, like in Brazil, Malaysia and Argentina, the provision of land accounts for a significant part of the impact (Fargione et al. 2008; Searchinger et al. 2008; Righelato and Spracklen 2007; Kløverpris et al. 2008; Zah et al. 2007; Kløverpris et al. 2007 ). The high impact factors of Brazilian and Argentinean soybeans are mainly due to emissions from land use change. Provision of scrubbed land is an energy-intensive process that represents 83%, 51% and 55% of the CED, respectively, during the agricultural phase. When no land use change occurs, the CED is mainly determined by the harvesting process, the ploughing process, the production and use of fertilisers and the production of seeds, as in the cases of US, EU and CH. Significant contribution to the impacts is due to the transesterification process (24% of the CED for the AR case), primarily due to the use of methanol. Biodiesel production requires 110.5 kg methanol per ton soybean oil. Nevertheless, the same input quantity was assumed for all the systems modelled, and consequently, methanol is not a parameter in the comparison of biodiesel pathways. Table 1 Unit processes contribution to each impact category for the AR case, expressed in kilograms of soybean-based VOME and modelled from feedstock production at farm to VOME transport at port Amazonian deforestation for soybean cultivation in Brazil, tropical deforestation in Malaysia for palm tree production and deforestation of dry subtropical forest in Argentina for soybean cultivation significantly contribute to an increase in GHG emissions. Emissions due to land preparation for agricultural use (land provision) together with carbon stock changes due to land use change represents 70%, 77% and 69% of the GWP of the feedstock production process, respectively, in the BR, AR and MY cases.
Apart from land use change emissions, N 2 O emission is the other major contributor to the GWP. Nitrous oxide emissions are mainly due to the use of N-based fertilisers in the EU, CH and MY cases for rapeseed and palm oil production. However, in the case of soybean production, N 2 O comes mainly from BNF. N 2 O emissions accounts for 16%, 53%, 38%, 22%, 75% and 16% of the GWP of the agricultural phase for Malaysia, Switzerland, the European Union, Brazil, the United States and Argentina, respectively.
The generalised use of reduced tillage methods in Argentina (88% of the total soybean cultivation) explains the lower use of fossil fuels in the agricultural phase. However, the USA case gives lower values mainly because deforestation does not occur and because of the higher crop yields in US soybean (2,641 kg ha −1 ), the lower transport distances and the lower use of pesticides in the agricultural phase. The US logistic system is more efficient. In Switzerland and the European Union, the same explanation can be given. The use of fertilisers for soybean cultivation is lower in Brazil, whilst the use of pesticides is lower in Argentina. Soybean yield in Brazil (2,544 kg ha −1 ) is similar to that of the Argentinean case.
The transport to port phase is only significant in the case of US (9%), as biodiesel is transported over 1,400 km by train and 100 km by truck to the port. Transport to the Swiss border is significant for the cases of US and MY (7% and 7% of the CED, respectively, and 5% and 4% of the GWP, respectively), mainly influenced by the transport distances from the biodiesel-producing country to the service station in Switzerland. Transoceanic transport represents 43%, 27%, 65% and 57% of the CED and 43%, 27%, 67% and 55% of the GWP of the transport phase for the cases of BR, US, MY and AR, respectively. For the US, the main contribution is the rail transport of VOME from the production site to the exportation port (34% and 31% of the CED and the GWP of the distribution and transport phase), followed by the transoceanic transport (21% and 22% of the CED and the GWP of the distribution and transport phase, respectively).
Comparing the environmental impact with the diesel (54.9 MJ-eq kg −1 ) and the low-sulphur diesel (55.1 MJ-eq kg −1 ) used in Switzerland, all the VOME pathways perform worse than the fossil references for almost all the categories, with the exception of CED and GWP (for some pathways). The GWP for diesel and low-sulphur diesel production are 0.59 and 0.60 kg CO 2 -eq kg −1 , respectively. However, emissions from the utilisation phase in fossil diesel are not compensated by the biogenic carbon uptake as in the case of biodiesel, significantly increasing the GWP of the fossil reference. Nonetheless, the AR and the BR cases results in higher GWP. GWP global warming potential, CED cumulative energy demand, EP eutrophication potential, AP acidification potential, TE terrestrial ecotoxicity, AE aquatic ecotoxicity, HT human toxicity, LU land use competition, FP feedstock production, VOE vegetable oil esterification, OP oil production, U utilisation, TB transport to border
Eutrophication and acidification potential
The eutrophication potential result is mainly due to feedstock production and the utilisation of the fuel for all cases (72% and 22% for the AR case, respectively). The acidification potential is explained mainly by emissions of ammonia to air, nitrates leaching to ground water and land provision for soybean cultivation. Significant contribution of the utilisation phase (22% of the EP) is due to nitrogen oxide emissions to air at fuel combustion. Similar results are obtained for the AR, EU, BR and US cases. However, the EP of all biofuel pathways is higher than that of the fossil reference. Acidification potential is mainly due to the utilisation phase (54% of the AP) as a consequence of nitrogen oxide emissions (54% of the utilisation phase). Significant contribution of the feedstock production is due to ammonia emissions to air in soybean cultivation and ammonia, nitrogen oxides and sulfur dioxide emissions during land provision. All biofuel pathways result in a higher AP compared with the fossil reference, with the exception of the US case.
The impact of the utilisation phase on the EP and the AP is the same for all the biofuel pathways, as it was assumed that they all have the same properties.
Terrestrial, aquatic and human toxicity
Terrestrial and aquatic ecotoxicity results in similar relative values when comparing biofuel pathways. Cypermethrin is a potent pyretroid-based pesticides used in rape production in CH and EU, in palm oil production in MY and in soybean production in AR for caterpillar control. Similar amounts are used in the EU and AR cases. This compound is responsible for almost all the TE and the AE in all cases. In US and BR, other pesticides with lower toxicological impact are used, giving almost no effect on TE and AE, similar to the fossil reference.
Human toxicity is 49% due to benzene emissions to air during land provision (57% of the HT) and cypermethrin application for pest biological control in the agricultural phase (16% of the HT). The same inputs are the cause of high HT results for BR (only benzene), EU (only cypermethrin) and MY. All biofuel pathways give higher impacts than the fossil reference.
Land use competition
Arable land occupation for soybean cultivation is the main source contributing to the LU impact. Results for AR are similar to US values, as most of the soybean is cultivated as first-class soybean, giving no place for a second crop in an annual basis. Land occupation for rape cultivation in CH and EU differs due to higher yield in EU. The BR case results in lower land occupation, as it was modelled as a second-class soybean. Obviously, the fossil reference performs better than the biofuel pathways.
Co-products
Impact results for the co-products of biodiesel production are given in Table 3 based on economic allocation. Additional co-products processing to obtain marketable products are considered. Soybean meal drying and glycerine refining are included, in coherence with allocation based on market prices.
The environmental impact of the products is determined by the allocation of the environmental burden between coproducts. Whilst palm kernel meal produced in MY has the best performance in almost all impact categories, soybean meal produced in AR results in the highest impacts. Whilst glycerine production in EU from rapeseed oil results in the highest impacts for almost all the categories, glycerine from soybean oil produced in AR is the best case.
Discussion

Previous studies
No previous LCAs were found for soybean-based biodiesel in Argentina. However, a default value of GWP is given by the English Renewable Transport Fuel Obligation (RTFO) to calculate GHG balance of imported biofuels (RFA 2008), including soybean-based biodiesel produced in Argentina. The conservative default value given by the RTFO is less than half the result of this study (4 kg CO 2 -eq kg −1 VOME at esterification plant compared to 1.8 kg CO 2 -eq kg −1 from the RTFO). This discrepancy may be attributed to emissions from land use change. However, no data was available about how the RTFO value was estimated. Dalgaard et al. (2007) give values for GWP, AP and EP for soybean and soybean meal production in Argentina based on a consequential LCA approach. The GWP of Argentinean soybean obtained by Dalgaard et al. (2007) differs from the value obtained in this study (0.6 and 1.6 kg CO 2 -eq kg −1 soybean, respectively). GWP values for the AR soybean meal are between 0.3 and 0.7 kg CO 2 -eq kg −1 depending on the reference system chosen for assigning the impacts under a system expansion approach. These differences are explained by the influence of the allocation method (system expansion vs. economic allocation) and due to different assumptions in the LCA inventory. Mainly, deforestation for soybean production (and consequently emissions from land use change) was not considered and no N fertiliser use was assumed by Dalgaard et al. (2007) .
However, BNF values are higher than in our study (132 kg N ha −1 compared to 70 kg N ha −1 in our study). Dalgaard et al. (2007) reports positive and negative acidification values as a consequence of palm oil and rape meal substitution, respectively, in the system expansion approach, which results in an impact or a credit (avoided acidification) for soybean meal in Argentina. The values for soybean are 5 and 0. 8 g SO 2 -eq kg −1 soybean in this study and in Dalgaard et al. (2007) (both calculated through the EDIP method). This difference relies on the different N input assumed, on the estimation method for ammonia and nitrogen oxides and on the excluded nitrogen oxide emissions from land provision. Eutrophication values (negative in Dalgaard et al. and positive in our study) differ mainly because of the allocation method and because they have assumed no nitrate leaching to groundwater (responsible for 52% of the EP in our study).
Whilst Dalgaard et al. have modelled the soybean production system with punctual data for a specific year, we have used average data from a specific period whenever these data were available. This factor also contributes to explain the different results obtained.
Sensitivity analysis
Five scenarios were modelled to determine the impact of changing inputs in the agricultural and fuel production phase, corresponding to the following situations:
& S1 10% increment in yield while keeping the same level of inputs and labour; & S2 Avoiding deforestation; & S3 Shift soybean production method; & S4 Soybean inoculation with bacteria and BNF value; & S5 Avoiding cypermethrin use; & S6 Avoiding methanol use; & S7 Glycerine price.
Results are compared with the Argentinean reference case and presented in Table 4 . The environmental impact of the system is mainly determined by the agricultural phase and, consequently, by the soybean yield in AR. The sensitivity analysis shows that an increase of 10% in the soybean yield by keeping the same inputs (S1) will reduce the GWP and the EP of B100soy ARG-CH in CH by 7%, the ecotoxicity and the LU by 9%, the CED by 5% and the AP by 3%, respectively. On the other hand, increasing the yield is likely to increase diesel consumption in harvesting (and possibly the use of fertilisers). For instance, considering a 46% increment in yield for soybean (3,800 kg ha −1 ) diesel consumption will rise by 26% (Donato et al. 2005) . A yield increment allows one to obtain lower values of the environmental indicators, resulting in lower impacts. GWP global warming potential, CED cumulative energy demand, EP eutrophication potential, AP acidification potential, TE terrestrial ecotoxicity, AE aquatic ecotoxicity, HT human toxicity, LU land use competition, MY Malaysia, CH Switzerland, EU European Union, BR Brazil, AR Argentina Avoiding deforestation (S2) and allocating the future land expansion to other set-aside and marginal arable land significantly decreases the environmental performances of the system, as follows: GWP is reduced by 61% as CO 2 emissions from soil and biomass are avoided; CED decreases on 51% as biomass energy use from primary forest is avoided; AP is reduced by 12% as ammonia, nitrogen oxides and sulfur dioxide emissions are avoided; HE decreases on 57% as benzene emissions are avoided; EP is reduced on 5% for avoided ammonia and nitrogen oxides emissions during land provision. No effect on TE and AE occurs and an insignificant increase on LU is obtained. Deforestation for soybean cultivation was assumed to be 64% of the deforested area in the Northern provinces of Argentina. However, other land use changes have occurred due to soybean expansion, such as conversion of other cropland (mainly wheat, corn, sunflower and sorghum) and conversion of pastureland (Pengue 2006) . A default value of 0.05 kg CO 2 -eq kg −1 of biodiesel is given by the RTFO for grassland conversion (RFA 2008) . Nevertheless, consistent data to account for these changes were not available. Uncertainty is linked to carbon emissions, as the used data were estimated as accumulated emissions. Consequently, the emissions do not only account for the carbon loss of a specific year but also for the decaying emission of previous years calculated during 25 years. This has resulted in an overestimation of the emissions in an annual basis.
The soybean production method has a strong influence on the results (S3). When shifting to conventional tillage, the ecotoxicity of the system increased significantly, mainly for TE and AE, due to the higher input of cypermethrin and the lower yields in conventional soybean production. LU is also increased, as FCCT soybean production does not allow crop succession. When shifting to reduced tillage methods, the impact of the system is reduced. FCRT soybean production allows reducing the ecotoxicity impact due to a reduction in cypermethrin input and reducing GWP and CED due to lower diesel consumption in agricultural processes. SCRT method allows reducing the ecotoxicity effect for the same reason and the LU due to soybeanwheat succession whilst EP is increased.
Soybean production in AR, BR and US was modelled with a N fixation value of 70 kg ha −1 . However, the BNF depends on the N content in the grain, the type of soil and the agricultural practices in each country, and consequently, different values are expected to be obtained in each country and production system. For the AR case, BNF varies GWP global warming potential, CED cumulative energy demand, EP eutrophication potential, AP acidification potential, TE terrestrial ecotoxicity, AE aquatic ecotoxicity, HT human toxicity, LU land use competition, FCRT first-class soybean in reduced tillage, SCRT second-class soybean in reduced tillage, FCCT first-class soybean in conventional tillage between 80 and 120 kg ha −1 (Díaz Zorita 2003; Racca 2002) , and reduced tillage systems allow fixing more N than conventional tillage systems (González 2007) . BNF values of 120, 80, 100 and 70 kg N ha −1 are assumed for FCRT, SCRT, FCCT and SCCT, respectively (S4) . BNF values are estimated in function of crop yields and as 50% of the soybean N requirements (Melgar, personal communication).The new BNF values have mainly increased the EP. Soybean inoculation with rhizobacteria allows increasing BNF and this results in reducing fertiliser inputs and increasing yield. A yield increment between 500 and 1,000 kg ha −1 can be obtained (González 2007) . This variable was added assuming a yield increment of 750 kg ha −1 and the new BNF values. Even though N 2 O emissions per hectare are increased as more N is fixed, they are compensated by the increased yield, resulting in a reduction of the environmental impact. Because assuming other BNF values would have resulted in an overestimation of the N 2 O emissions in the Argentinean case, compared with the reference soybean-based biodiesel pathways, the same assumption was used in this study. Cypermethrin use can be avoided by replacing it by deltamethrin, another pyretroid-based pesticide use in AR (S5). The ecotoxicity of deltamethrin is significantly lower than that of cypermethrin, resulting in reduction of the TE, the AE and the HT of 100%, 97% and 16%, respectively.
An alternative to reduce CED from methanol use is to substitute it by bioethanol (3.6 MJ-eq kg −1 Brazilian sugarcane-based ethanol (Jungbluth et al. 2007 ) compared to 37.4 MJ-eq kg −1 methanol; S6). Using ethanol as the alcohol in the transesterification reaction can significantly improve the energy balance of the Argentinean pathway when this is proven technically feasible. When importing BR sugarcane-based ethanol, including 1,000 km transport in 28 t trucks from fermentation plant to the port of Foz do Iguaçu, 1,000 km transport by barge tanker to the Rosario port and 100 km transport in 28 t truck to the esterification plant, the CED decreases by 11%. Nonetheless, HT is increased due to emissions to air during bioethanol transport. Domestic ethanol production can significantly reduce this impact.
Best case includes higher productivity, no deforestation, reduced tillage, soybean inoculation, avoiding cypermethrin use and avoiding methanol use in VOME transesterification. These measures should be undertaken in order to make AR biodiesel more environmentally competitive.
Sensitivity analysis of allocation methods (economic, mass, energy and carbon content) did not result in significant differences for the Argentinean case nor for the reference cases. The different vegetable oil extraction yield and the higher oil content for rapeseed and palm fruit bunches in the EU, CH and MY (397 and 380 kg oil per ton rapeseed and 242 kg oil per ton palm fruit bunches, respectively) than for soybean in AR, BR and the US (182, 182 and 188 kg oil per ton soybean) determines different allocation factors and consequently contributes to explain the different results.
Allocation of glycerine results for AR was based on national market price (US$0.1 per kilogram of glycerine). The reference cases were modelled assuming higher prices (US$0.66 per kilogram in the US and BR, US$1.66 per kilogram in CH, the EU and MY). The impact factors for glycerine are highly influenced by the low market value of commercial glycerine in Argentina. Increased production of biodiesel may generate export opportunities for glycerine. Performing the allocation based on US glycerine market price (S7) results in a 500% increase in the environmental impact of glycerine (results are similar to those of the BR case for GWP, CED, EP, AP and LU and similar to the EU case for ecotoxicity effects) and an average decrease of 6% of the impact of B100soy ARG-CH for all categories. Consequently, even though the allocation method did not significantly affect the result, the price variation in economic allocation has a strong impact.
The impact of transportation and utilisation phase is a function of transport distance and the type of vehicle used in each country. When biodiesel is intended to be exported to other country, the values "at Port" in Table 1 should be used and the impact of the transport and distribution to the chosen country and the assumptions related to the utilisation phase should be added.
The AR case was modelled with a higher level of detail than the reference cases, especially in the agricultural phase where four different production systems were considered. As shown in the sensitivity analysis, when assuming one production system for all soybean production, results are significantly modified.
Conclusions
Argentinean biodiesel producers will need to study the environmental performance of their products in order to comply with sustainability criteria being developed (Farrell and Sperling 2007a, b; Bauen et al. 2007; Cramer et al. 2007 ). Due to the potential of Argentina to produce biodiesel for export, this work constitutes a baseline to analyse the environmental impact of this feedstock and country-specific pathway by estimating the energy consumption, the GHG emissions, the acidification and the eutrophication potentials, the ecotoxicity effects and the land use competition of soybean-based biodiesel production in Argentina for export. The position of Argentina as a soybean-based biodiesel exporter is proven to be not competitive from the environmental point of view unless specific measures are undertaken. These measures include avoiding deforestation, applying reduced tillage and crops successions, applying soybean inoculation methods, increasing yield, using low ecotoxicity pesticides and using biomass-based methanol or bioethanol in VOME production. Compared with the fossil reference, the AR pathway has a worse performance in all the impact categories with the exception of energy consumption. The analysis of the explanatory factors shows the significant influence of the land use change, the BNF and the use of fertilisers, the applied pesticides, the soybean production method, the use of methanol and the transport system in the environmental impact.
6 Recommendations and perspectives
Modelling approach
Modelling of the agricultural phase is still too rigid. More efforts should be conducted to account for interactions between input and output variables (e.g. the impact of previous crop management, the correlation between application of fertilisers and yield increment, the influence of soybean inoculation on N 2 O emissions, the relation between tillage method and fertiliser use). Better knowledge of these correlations will allow improving agricultural phase modelling.
Better accounting for land use changes, interaction between variables and previous crops in the agricultural phase, future transesterification technologies and market prices evolution are essential to improve modelling of biofuel pathways.
Soybean in Argentina is cultivated as monoculture as well as in rotation with wheat. The management of the previous crop will have an impact on the subsequent soybean culture. Nitrogen fertiliser was allocated to the crop to which it was applied. No residual effect to the secondary crop was considered. However, in reality, second-class soybean, cultivated after wheat, is not additionally fertilised as it uses the residual N from the wheat fertilisation. Similar consequences may apply to the use of pesticides and the choice of the tillage method. Expanding the system to account for crops succession will help to better model the system inputs in the agricultural phase. Moreover, the development of new transesterification technologies, the choice of additives and process optimisation may influence the impact of the system on the environment.
The level of detail of data inputs should be improved in order to better account for regional specificities and to generate consistent average data at the national level. Nonetheless, more efforts should be conducted to harmonise LCA methodology for biofuel impact assessment in order to allow comparison between biofuel pathways.
The values for the fossil reference system are actually 'black box' results. However, the same modelling concerns (i.e. allocation method) of the biofuel pathways applied to the fossil reference (Guinée and Heijungs 2007) . Further efforts are needed in this issue.
Based on the LASEN Biofuel's Platform, perspectives include the study of modelling choices in this pathway, the integration of agricultural models and the improvement of the LCI data especially for the oil extraction and transesterification phases.
Carbon emissions from deforestation should be better accounted for when new data become available.
Data uncertainty
The process of land provision from deforestation should be characterised for the AR case. Soybean cultivation data on deforested areas should be improved and become more consistent, including the amount of soybean cultivated in deforested land, soybean cultivation period, soybean yields and the applied agricultural practices.
Grain drying is identified as an important contributor in the rapeseed-based reference systems. This process should be better modelled when more data become available. Data on transesterification process should be developed and data on oil production should be improved.
In order to assess more accurately biodiesel production pathways, further consideration should be given to include indirect land use changes. For example, US soybean is produced in rotation with corn, and so, increased corn acreage in US will reduce soybean production and increase soybean price. This may be encouraging soybean expansion in AR and BR and consequently encouraging deforestation processes in these countries. However, an attributional LCA can not capture this kind of effects and further research is needed to determine and allocate indirect land use changes to a biofuel pathway.
Data on soybean production methods and agricultural practices should be harmonised, georeferenced and officially validated. Data at the county level should be developed, integrated and become consistent with national average values to account for production scale effects and logistical constraints in biodiesel production. from the University of Tucumán (LIEY-CONICET) for providing data and validating hypotheses on deforestation and land use change emissions. Finally, we are grateful to anonymous reviewers for their useful remarks to improve this paper.
